Some studies have shown that the estimation of global sunshine duration can be done with the help of geostationary satellites because they can record several images of the same location in a day. In this paper, images obtained from the MODIS (Moderate Resolution Imaging Spectroradiometer) sensors of polar orbiting satellites Aqua and Terra were used to estimate daily global sunshine duration for any region in Turkey. A new quadratic correlation between daily mean cloud cover index and relative sunshine duration was also introduced and compared with the linear correlation. Results have shown that polar orbiting satellites can be used for the estimation of sunshine duration. The quadratic model introduced here works better than the linear model especially for the winter months in which very low sunshine duration values were recorded at the ground stations for many days.
Introduction
The amount of sunshine duration incident on the Earth's surface is an important meteorological parameter due to its usage in many applications [1] [2] [3] [4] [5] [6] [7] . In general, there are much more meteorological stations which measure air temperature and precipitation than those for solar radiation and sunshine duration. For instance, in Turkey, while air temperature values have been collected at more than 400 meteorological stations, solar radiation and sunshine duration have been measured at only 163 and 192 stations over long periods, respectively [8] . According to Environment Canada [9] , there are 320 stations with sunshine duration measurements in Canada which are 1/7 times less than those that collect precipitation and air temperature data. There are approximately 400 stations for the whole of Africa and only 34 stations in Egypt in which sunshine duration data is recorded [10, 11] . Contrary to the common belief, networks of sunshine duration are still sparse and insufficient due to mostly geographic and financial reasons especially for developing countries. Although the best way of collecting of any meteorological data is to record the data directly using proper instruments at meteorological stations, these are point measurements which imply that recorded data have high temporal resolution but low spatial resolution. Values belonging to the regions in the vicinity of the stations are generally estimated by extrapolation and interpolation methods. But, since the spatial distributions of the existing stations generally are not homogeneous, the values from these methods may be questionable. Up to now many studies have been reported for the estimation of global solar radiation, but unfortunately in spite of its vital importance only a limited number of studies have been available in the literature for the determination of global sunshine duration and its spatial distribution and variation throughout time. The main reason why this happens is that the data recorded by sunshine recorders are more reliable than those of solar radiation data recorded by actinographs [8] .
Geostationary and polar orbiting satellites can observe and take the images of the areas under the coverage of the sensors boarded on them. These images have been used for many different purposes and also for estimating global solar radiation [12] [13] [14] [15] [16] [17] [18] [19] [20] . On the other side, only a few studies have been reported the estimation of global sunshine duration using satellite data. Kandirmaz (2006) proposed a simple linear model to predict the daily sunshine duration and 2 Advances in Meteorology constructed spatially continuous sunshine duration maps for Turkey using a time series of Meteosat C3D visible type images [21] . A simple model was developed by Good for estimating sunshine duration over the United Kingdom from time series of cloud type data from the Spinning Enhanced Visible and Infrared Imager (SEVIRI) which is an instrument onboard the Meteosat Second Generation (MSG) satellite and records data every 15 minutes [22] . Shamim et al. have used hourly 2.5 km × 2.5 km Meteosat images for estimating sunshine duration on the Brue Catchment [23] . Bertrand et al. have used two different approaches combining ground station and MSG data to estimate daily sunshine duration over Belgium [24] . As one can notice, in all these studies, estimations were performed using the data of a geostationary satellite which makes repeated observations over a given area. Geostationary satellites have low spatial resolution due to their high orbit altitude whereas polar orbiting satellites have high spatial resolution but they can view most of the Earth surface only two times in a day (one in daylight and one in darkness). In this work, we tried to estimate daily global sunshine duration using the data of a polar orbiting satellite and for this purpose Moderate Resolution Imaging Spectroradiometer (MODIS) images have been used.
Data and Methodology
Two polar orbiting satellites Aqua and Terra, carrying the same MODIS sensors, orbit in two distinct paths with a swath width of 2330 km and view the entire surface of the Earth every one to two days. Aqua crosses Equator at 1:30 p.m. on the descending mode while Terra crosses Equator at 10:30 a.m. on the ascending mode. Thus a morning and/or afternoon observation for any place on the Earth or the atmosphere below sensors is possible using the images of both of the satellites. MODIS has 36 spectral bands varying from 0.41 to 14.385 m. The spatial resolution of bands 1 and 2 is 250 m, bands 3 to 7 is 500 m, and the rest of the bands is 1 km. Bands 1 to 19 and 26 are produced from daylight reflected solar radiation and are known as reflective solar bands. Bands from 20 to 25 and 27 to 36 are produced by thermal emissions of the day and night and are known as thermal emissive bands. For the current study, we have used MOD02QKM (Terra file) and MYD02QKM (Aqua file) daily scenes as data which are calibrated and geolocated of MODIS LEVEL 1-B output products having 250 m spatial and 16-bit radiometric resolution. Daily sunshine duration data have been obtained from State Meteorological Service (TSMS) of Turkey. Data of Istanbul, Ankara, Samsun, Izmir, Antalya, Konya, S.Urfa, Erzincan, and Muş stations were used to find a unique correlation for Turkey and data of Kocaeli, Bursa, Balikesir, Eskişehir, Afyon, Denizli, Nigde, Sivas, Malatya, K.Maras, G.Antep, Diyarbakır, Van, Hakkari, Trabzon, and Rize stations were used to test the success of the derived correlations. The geographical distributions of stations are given in Figure 1 . As one may notice these stations are spread over Turkey and we expect that these stations represent all possible climatic characters of the whole country. Maximum possible sunshine hours or day length depend on the latitude of site and solar declination angle can be computed as [25] = ( 2 15
where is the latitude of location in the range −90 ≤ ≤ +90 and is the solar declination given by
and is the number of days of the year starting from first of January.
The amount of sunshine duration reaching an area at ground depends on the astronomical factors (sun's elevation and azimuth and the sun-Earth distance) and the atmospheric constituents. Clouds, consisting of liquid water droplets or ice particles, are greatly responsible for preventing incoming solar rays from reaching the Earth's surface as compared to other constituents. Interactions of clouds with solar rays depend on size and shape of droplet or particles, total mass of water, and spatial distribution. Since the physical explanation of these interactions is not very easy, the relation between cloud cover and sunshine duration is generally done by using empirical models [11, 21, [26] [27] [28] . Fortunately, the motion of the clouds can be recorded by satellite sensors and thus it is possible to calculate the cloud cover index over any area under the coverage. It has been shown that satellitederived cloud cover index can be calculated from the well known relation as follows [14] :
Here is thereflectance of the pixel at any time, ga is the reflectance of the same pixel in the absence of cloud, and cm is the mean reflectance of the pixels covered by cloud. ga and cm can be derived from time series images by employing an adaptive iterative filtering. Daily mean cloud cover index, , of each pixel can be calculated from the following relation [21] : where is the total number of images recorded by the satellite sensor in a day and is the cloud cover index of th image.
The maximum value of daily mean cloud cover index is 1 (pixel is totally covered by cloud) and the minimum value is 0 (no cloud cover). That is, it ranges from 0 to 1. A linear relationship between daily relative sunshine duration and satellite-derived daily mean cloud cover index is defined as
where and are regression parameters which are functions of location, season, and state of the atmosphere. Equation (5) implies that if the cloud cover ratio over an area is known then it is possible to estimate the sunshine duration over that area or vice versa. On the other hand, in the present study, it has been experimentally concluded that such a formulation was not adequate for the days of winter in which generally the sky was fully overcast (sunshine duration measured as 0 and/ordaily mean cover indexes were calculated as nearly 1).
For such cases linear model could produce negative sunshine duration values, which were meaningless, for many days for many stations. Thus, a new correlation was needed and a quadratic formula was proposed as follows:
where , , and are again regression coefficients to be determined. As can be seen from Figure 2 the quadratic model appears to fit data better than the linear model with a higher coefficient of determination value.
Results and Validation
First of all, daily mean cloud cover index values were calculated from the MODIS MOD02QKM and MYD02QKM data. Using the measured sunshine data of nine stations (calibration stations) the statistical correlations were constructed for each month. Regression coefficients and coefficients of determination belonging to each month were given in Table 1 .
Sunshine duration values were calculated for calibration and testing stations by using the obtained correlations and results compared to the ground measurements. Accuracies of the models were tested with three statistical indices: coefficient of determination ( 2 ), mean biased error (MBE), and root mean square error (RMSE). These indices are defined as follows:
where is the total number of observations, is the estimated sunshine duration (using models), is the observed sunshine duration (measured by sunshine recorder), and and are the average values.
2 gives information about how well a model fits to data and its ideal value is 1. RMSE and MBE are measures of how close/far a fitted line is to data points and deviation between model results and measured data, respectively. While RMSE gives information on the short-term performance of the models, MBE does the same on the long-term. satellite-derived cloud cover index and the measured sunshine duration much better than the linear correlations for the first four months of the year (Tables 1 and 2 ). Monthly mean RMSE values obtained by quadratic correlations were lower than the linear model for each month and for 115 cases (six months × 25 stations = total of 150 cases). Nearly the same coefficients of determination were produced for both quadratic and linear correlations for the months of May and June, and because of this nearly the same MBE and RMSE values were observed. In these calculations we have assumed that the first six months of the year represent the whole year accurately enough for Turkey because the representative stations chosen for the study reflect all possible climatic behaviors of the country for the whole year.
The daily values of the MBE were calculated for each method and pooled together for all stations (Figure 3) . Monthly mean values of RMSE and MBE values were also given in Figure 3 . In order to better understand Figure 3 , the number of days when mean bias error falls into a specified range was also determined and given in Table 3 . It was seen that quadratic correlation gives better estimations than the linear correlation for all the considered ranges. Table 3 also indicated that quadratic model behaves better than linear model if the satellite-derived cloud cover index is coherent with the observed sunshine duration at ground due to its nature. It was also deduced that both methodologies generally overestimated the ground measured results. This was expected because TSMS stations measured zero sunshine duration as 16% of total days but both models estimated only about 8% as zero.
Overestimations were dominant especially for the Istanbul, Kocaeli, Rize, Trabzon, Samsun, Afyon, and Erzincan stations. This was expected because these stations (except Erzincan and Afyon) are located at the coasts of Black Sea Region of Turkey in which Black Sea Mountain chains lie from west to east along the coastline and hold the rain clouds and cause to have the greatest amount of rainfall (2200 millimeters annually). Underestimations were dominant for Antalya, Van, Hakkari, Izmir, Denizli, and S.Urfa stations. Antalya, Izmir, and Denizli stations are located in Aegean Coasts and Southern Aegean which is highly affected by Mediterranean climate, respectively. S.Urfa station is located in southeast Anatolia which is under the influence of Mediterranean and continental climate. Van and Hakkari are located in the southern part of east Anatolia which have dry continental climate. Lower sunshine duration values were obtained for the months of January and February and higher values were obtained for March, April, and June. This is because January and February are the months of winter having generally very cloudy days; on the other side, April and May are the months of spring and June is the first month of summer.
Several sources of errors can affect the accuracies of the models. On some days the cloud cover index could not be calculated correctly if the clouds move rapidly in those days because MODIS sensors record images at two definite times within a definite time interval. If the weather conditions of calibrated stations are different from the weather condition of one or more testing stations for the considered month or the number of calibration stations is not enough, this also increases the error because the regression coefficients represent average weather characteristics of the calibration stations. A small hole in clouds may give a chance to record bright sunshine hours by the sunshine recorder, but satellite sensors could not detect any hole because of their 250 m pixel resolution. For some cases a pixel or group of pixels can be recorded as fully overcast (meaning high cloud cover ratio) by the satellite sensors, but some types of clouds permit the sunshine to reach the ground and be recorded by the sunshine recorder. Also instrumental and manmade problems decrease the accuracy. The overall RMSE and MBE values were calculated as 1.89 h and 0.14 h for quadratic model, respectively. These results are consistent with those of previous satellite-based studies in the literature. RMSE and MBE ranged from 0.54 h to 2.79 h and −1.82 h to 1.93 h, respectively, in the study of Kandirmaz [21] , in which four images of Meteosat in a day were used for the estimation of daily sunshine duration over Turkey. MBE error ranged between −0.2 and −0.6 and SD (standard deviation) ranged between 1.6 h and 2.2 h, respectively, when the cloud classification data from SEVIRI was used for the United Kingdom [22] . Shamim et al. [23] reported that RMSE and MBE values were ranged between 0.66 h and 2.31 h and −0.19 h and 2.31 h, respectively.
Conclusions
Daily sunshine duration values were estimated using MODIS LEVEL 1-B data and linear and quadratic models for 25 stations in Turkey for the first six months of 2004. Accuracies of these models were then compared. It has been deduced that if the considered month has many overcast days then the quadratic correlation defines statistical relation between the satellite-derived cloud cover index and the measured sunshine duration better than linear correlation. However, if this is not the case, behavior of both quadratic and linear models is almost similar.
Although the MODIS data was obtained twice in a day, the resulting accuracy is comparable with the previous studies which have been done with geostationary satellite data offering many observations in a day. This means that daily sunshine duration values over a large area can be estimated also by using images of a polar orbiting satellite for regions where there is no possibility of having any related data. Many sources of error can degrade the performances of the models presented here but satellite-based estimations give us a chance to produce much accurate spatially continuous sunshine duration maps as compared to other methods when distances between stations are large.
